Bioactive glasses synthesized by the sol-gel technique possess many of the qualities associated with an ideal scaffold material for a bone graft substitute. In view of the potential clinical applications, we performed a detailed in vitro study of the biological reactivity of synthesized 58S bioactive glass containing-zinc, in terms of osteoblast morphology, proliferation, and deposition of a mineralized extracellular matrix (ECM). Human Sarcoma Osteoblast (SAOS-2) cells were used to i) assess cytotoxicity by lactate dehydrogenase (LDH) release and ii) evaluate the deposition of a calcified extracellular matrix by ELISA assay and quantitative RT-PCR (qRT-PCR). In comparison with pure silica and 58S, the 58S-Zn0.4 bioglass showed a significant increase in cellular proliferation and deposition of ECM components such as decorin, fibronectin, osteocalcin, osteonectin, osteopontin, type-I and -III collagens. Calcium deposition was significantly higher than on pure silica and 58S samples. Also Alkaline phosphatase (ALP) activity and its protein content was higher with respect to pure silica and 58S. qRT-PCR analysis revealed the up-regulation of type-I collagen, bone sialoprotein and osteopontin genes. All together these results demonstrate the cytocompatibility of 58S-Zn0.4 bioglass and its capability to promote osteoblast differentiation.
Introduction
The concept of bioactive glass (bioglass) was developed and tested for the first time by Hench at the beginning of the 70s (Hench et al., 1971; Hench and Paschall, 1973) . Since then, several glass and glass-ceramic compositions have been synthesized (Li et al., 1991; Hench, 1998; Lusvardi et al., 2002; Vallet-Regí et al., 2003; Linati et al., 2005; Vallet-Regi, 2006; Izquierdo-Barba et al., 2008) . The common characteristic of bioglass (Oliva et al., 1998) -a comprehensive name including glass and glassceramics -is that, upon implantation, their surface undergoes complex kinetic modifications leading to the formation of an amorphous calcium phosphate layer. Within a few days, this layer crystallizes into a biologically active hydroxycarbonate apatite (HCA) phase (Hench et al., 1973) , which is chemically and structurally equivalent to the mineral phase in bone and is responsible for interfacial bonding. The same biologically active layer can be formed even by immersing bioglass in an acellular simulated body fluid (SBF), with ion concentrations and pH resembling those of human blood plasma (Kokubo et al., 1990; Ohtsuki et al., 1992) . The apatite forming ability test using SBF is a controversial tool, but simple one to investigate the in vitro apatite forming ability of material surfaces.
Bioglass composition is commonly based on SiO 2 and P 2 O 5 for glassy network formers, and on CaO and Na 2 O for network modifiers; only some of the possible compositions are bioactive (Hench et al., 1971) . In the early 1990s, sol-gel methods (Brinker and Scherer, 1990) were introduced for bioglass synthesis and found to present relevant advantages when compared to standard melt-quenching techniques. In particular, these methods extended the SiO 2 limit to about 90 mol% beyond which the samples lose their bioactivity (Li et al., 1991) . The bioactivity of glass can also be improved by adding intermediate or modifying oxides to the base compositions. It was shown that the addition of ZnO to standard bioglass could stimulate osteoblast proliferation and differentiation, thus improving the implant's ability to bond with bone (Oki et al., 2004) . The addition of ZnO up to ~15 mol% to standard melt-quenched bioglass was studied by combining several experimental techniques (thermal measurement, X-Ray diffraction, solid-state NMR), and Molecular Dynamics (Lusvardi et al., 2002;  Linati et al., 2005) . Zinc is known to have stimulatory effects on bone formation in vitro and in vivo (WHO, 1973; Yamaguchi et al., 1986; Yamaguchi et al., 1987) . In fact, the slow release of zinc incorporated into an implanted material promotes bone formation around the implant and accelerates the patient's recovery (Ito et al., 2002; Yamaguchi et al., 2004) . In particular, zinc promotes the bioglass chemical durability in aqueous solutions such as body fluids, and improves its mechanical properties (Ito et al., 2002) . Recently, it was shown that zinc extends the specific surface area and thereby the number of sites for the nucleation of calcium phosphate precipitates in binary SiO 2 -CaO sol-gel glasses (Courtheoux et al., 2008) . Concerning cytocompatibility, melt-quenched bioglasses with a zinc content in the range 5-20 mol% showed significant cytotoxicity against human osteoblasts (Aina et al., 2007) . In contrast, Balamurugan et al. reported a minimal cytotoxicity with sol-gel glass composition of (mol%) 64% SiO 2 , 26% CaO, 5% P 2 O 5 , 5% ZnO towards murine osteoblasts (Balamurugan et al., 2007) . In a companion paper, we presented evidence of good bioactivity and cytocompatibility for a 58S-based bioglass with the following composition: 59.7 mol% SiO 2 -36.2 mol% CaO -3.8 mol% P 2 O 5 -0.3 mol% (0.4 wt%) ZnO (58S-Zn0.4) (Bini et al., 2009) . In the same paper we showed that the addition of larger quantities of ZnO resulted in increased cytotoxicity vs. SAOS-2 cells. On the other hand, it is important to check the possibility to extend the cytocompatibility range of ZnO, since this additive could positively modify the physico-chemical properties of the bioglass. The availability of more detailed cytotoxicity studies is also desirable because of the contradictory results reported in the literature (e.g., Aina et al., 2007; Balamurugan et al., 2007) which, however, may be dependent on many factors, including cell line, synthesis routes and related glass microstructure, surface morphology, zinc release kinetics, etc.
IN VITRO CALCIFIED MATRIX DEPOSITION BY HUMAN OSTEOBLASTS ONTO A ZINC-CONTAINING BIOACTIVE GLASS
The aim of the present study was to perform a detailed investigation of zinc-containing bioglasses, in terms of osteoblast morphology, proliferation, and deposition of a mineralized extracellular matrix. Some data on other 58S-based glasses were reported for the sake of comparison, and pure silica and 58S were used as reference materials. Considering the clinical applications of bioactive glass in dentistry, maxillofacial and orthopaedic surgery, the final scope of the work was to produce an improved scaffold for bone grafts. The main novelty of our study can be found in the wide approach followed in testing the cytocompatibility of the bioglass.
Materials and Methods

Bioglass synthesis and characterization
Glass synthesis
Pure silica and 58S bioglasses with and without ZnO were synthesized by sol-gel routes (Brinker and Scherer, 1990) . The compositions and some physico-chemical properties are provided in Table 1 . We report here, the detailed synthesis of the 58S sample. 133.2 ml of TEOS (98 wt%) were added to 42 ml of an HCl 0.01 N aqueous solution and mixed with 180.4 ml ethanol. The mixture was stirred for about 15 min until hydrolysis was almost complete. Then, 18.4 g of triethylphosphate were added and the solution was stirred for 20 min. Finally, 112 g of Ca(NO 3 ) 2 4H 2 O were dissolved in the sol during 20 min of magnetic stirring. Gelation occurred after about three days. More details are reported in Bini et al. (2009) .
After gelation, all samples were dried at 65°C for 24 hours and then at 90°C for 24 hours. Finally, they were finely crushed and placed in an oven for the stabilization treatment: heating with 0.3 °C/min up to 700°C, isotherm for 3 h at 700°C, and then cooling to room temperature. The flowing atmosphere was N 2 (0.3 l/min) and O 2 (0.3 l/ min). The gel-powder was ball-milled and sieved. The fraction of particles with a diameter between 20 and 45 μm was selected for the preparation of the pellets. The pellets (10 mm diameter and 1.5 mm high) were obtained by compacting 0.25 g of the gel powder by monoaxial pressing at 2 ton for 5 min followed by isostatic pressing at 2500 tons for 5 min. (CuKα radiation) . The angular range of collection was 10° ≤ 2θ ≤ 65°, with the step 0.015° step and the counting time of 0.5 s/step. A PSD detector and a nickel filter were used. The structure and profile refinements were performed on the basis of the Rietveld method with TOPAS 3.0 software (Bruker AXS, 2005) .
Physico-chemical characterization
In vitro apatite forming ability test in SBF The pellets were sterilized for 3 hours at 180°C. Then, 40 ml of SBF (Kokubo et al., 1990) solution were filtered with a Millipore ® membrane (pore size 0.22 μm), and decanted to a beaker. The disks were maintained at 37°C for 1, 5 and 8 days, then the SBF solution was removed and the pellets washed with sterile distilled water and dried at 100°C for 24 hours. All of the SBF test steps were performed in a lamellar flow fume hood to maintain sterility. At the end of each treatment time, the amount of the HCA phase was determined by X-ray diffraction (Bini et al., 2009) .
Surface roughness and topographical characterization
The surface morphology of the disks was observed by scanning electron microscopy with a Leica Cambridge Stereoscan 440 microscope (Leica Microsystems, Bensheim, Germany).
Surface-roughness measurements were performed with a UBM (Sunnyvale, CA, USA) laser profilometer. Five linear measures were performed for each material according to the standard method DIN 4768. Three roughness parameters (R a, R q and R z ) were considered. Essentially, R a is the arithmetic average of the absolute values of all data points; R q is the root mean square of the profile values; R z is the arithmetic mean of the maximum peak-to-valley height of the roughness values of five consecutive sample sections.
In vitro cell assays Cells
The human osteosarcoma cell line SAOS-2 was obtained from the American Type Culture Collection (HTB85, ATCC, Manassas, VA, USA). The cells were cultured in McCoy's 5A modified medium with L-glutamine and HEPES (Cambrex Bio Science, Baltimore, MD, USA), supplemented with 15% foetal bovine serum, 2% sodium pyruvate, 1% antibiotics, 10 -8 M dexamethasone, and 10 mM β-glycerophosphate (Sigma-Aldrich, St. Louis, MO, USA) (Saino et al., 2010) . The osteogenic factor β-glycerophosphate was used at 10 mM concentration as previously reported in the literature (Rao et al., 2003; Gartland et al., 2005) . Ascorbic acid, another osteogenic supplement, is a component of McCoy's 5A modified medium. For comparative analysis without osteogenic factors, the SAOS-2 cells were also grown in the previous indicated culture medium without dexamethasone and β-glycerophosphate. The cells were cultured at 37°C with 5% CO 2 , routinely trypsinized after confluency, counted, and seeded onto disks.
Cell seeding and culture
Bioglass disks were sterilized by ethylene oxide at 38°C for 8 h at 65% relative humidity. After 24 h aeration in order to remove the residual ethylene oxide, the scaffolds were placed inside a standard 24-well-plate and were washed first with sterile distilled water, after with 0,9% NaCl sterile solution and finally with culture medium. A cell suspension of 2x10 5 cells was added onto the top of each disk and, after 0.5 h, 1 mL of culture medium with/ without osteogenic factors was added to cover the samples. The culture medium was changed every three days.
LDH assays
Four disks for each sample were sterilized at 180°C for three hours, placed inside standard 24-well-plates, washed several times with physiological solution and with culture medium in order to remove possible sol-gel toxic residue. After further washing, a suspension of 2x10 5 SAOS-2 cells (0.4 ml) was added on top of each pellet, incubated for 1h to allow cell attachment and then covered with 0.5 ml of culture medium. The plates were incubated for 24 and 48 hours at 37°C with 5% CO 2 . At the end of the incubation time, the LDH assay (Sigma-Aldrich) was performed following the manufacturer's instructions. The absorbance was measured at 490 nm and 690 nm with a microplate reader (BioRad, Segrate (MI), Italy) and the number of cells was determined with an appropriate calibration curve. The results were similar for both incubation times.
Scanning electron microscopy (SEM) analysis
At the end of culture incubation, the disks were fixed with 2.5% (v/v) glutaraldehyde solution in 0.1 M Na-cacodylate buffer (pH=7.2) for 1 h at 4°C, washed with Na-cacodylate buffer, and then dehydrated at room temperature in an ethanol gradient series up to 100%. The samples were kept in 100% ethanol for 15 min, and then critical point-dried with CO 2 . The specimens were sputter coated with gold and observed at 250x and 1500x magnification respectively with a Leica Cambridge Stereoscan 440 microscope (Leica Microsystems, Bensheim, Germany) at 8 kV (Saino et al., 2010) .
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide test
To evaluate the mitochondrial activity of the seeded cells, that is, the cell viability on the bioglass disks during the culture period, a test with 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma-Aldrich), was performed on days 1, 8, 16, and 24 (end of the culture period) as previously reported (Saino et al., 2010) . Aliquots of 200 μL were sampled, and the related absorbance values were measured at 570nm by a microplate reader (BioRad Laboratories, Hercules, CA, USA). A standard curve of cell viability was used to express the results as a percentage.
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DNA content
At the end of incubation, the cells were lysed by a freezethaw method in sterile deionised distilled water. The released DNA content was evaluated with a fluorometric DNA quantification kit (PicoGreen; Molecular Probes, Eugene, OR, USA). A DNA standard curve (Saino et al., 2010) obtained from a known amount of osteoblasts was used to express the results as cell number per disk.
Purified proteins
Decorin, type-I collagen and fibronectin were purified as described previously (Vuento and Vaheri, 1979; Vogel and Evanko, 1987; Rossi et al., 1996) ; osteocalcin was acquired from Biomedical Technologies (Stoughton, MA, USA), osteopontin and osteonectin were obtained from Assay Designs (Ann Arbor, MI, USA); type-III collagen and alkaline phosphatase were purchased from Sigma-Aldrich.
Polyclonal antisera
Dr. Larry W. Fisher (http://csdb.nidcr.nih.gov/csdb/ antisera.htm, National Institutes of Health, Bethesda, MD, USA) provided us with the rabbit polyclonal anti type-I and -III collagen, anti-decorin, anti-osteopontin, antiosteocalcin, anti-osteonectin, and anti-alkaline phosphatase. Polyclonal antibody against human fibronectin (HFn) was produced as previously described (Saino et al., 2010) .
Extraction of the extracellular matrix proteins from the cultured scaffolds and ELISA assay
At the end of the culture period, in order to evaluate the amount of the extracellular matrix constituents on the disk surface, the samples were washed extensively with sterile PBS to remove the culture medium, and then incubated for 24 h at 37°C with 1 mL of sterile sample buffer (20 mM Tris-HCl, 4 M GuHCl, 10mM EDTA, 0,066% [w/v] SDS, pH 8.0). At the end of the incubation period, sample buffer aliquots were removed, and then the disks were centrifuged at 4000 rpm for 15 min in order to collect the sample buffer entrapped inside the pores. The total protein concentration in both culture systems was evaluated with the BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). After matrix extraction, the disks were incubated, once again, for 24 h at 37°C with 1 mL sterile sample buffer, and no protein was detected. Calibration curves to measure type-I and -III collagens, decorin, osteopontin, osteocalcin, osteonectin, fibronectin and alkaline phosphatase were performed as previously described (Saino et al., 2010) . In order to measure the extracellular matrix amount of each protein an ELISA assay was performed as previously reported (Saino et al., 2010) .
We have taken into consideration that an underestimation of the absolute protein deposition is possible because the sample buffer, used for matrix extraction, contained sodium dodecyl sulphate -which may interfere with protein adsorption during the ELISA assay. The amount of extracellular matrix constituents from both samples was expressed as fg/(cell per disk).
Calcium quantification
In order to evaluate calcium deposition on silica, 58S and 58S-Zn0.4 bioglass disks, the calcium-cresolphthalein complexone method was performed as previously described (Cohen and Sideman, 1979) on cells cultured with/without osteogenic factors. Briefly, the calcium content of each disk was assayed to quantify the amount of mineralized matrix present, using a Calcium Fast kit (Mercury SPA, Naples, Italy) according to the manufacturer's instructions as previously described (Saino et al., 2010) . Samples were run in triplicate and compared against the calibration curve of standards.
ALP activity ALP activity was determined using a colorimetric end point assay (Holtorf et al., 2005) . The assay measures the conversion of the colourless substrate p-nitrophenol phosphate (PNPP) by the enzyme ALP to the yellow product p-nitrophenol, where the rate of colour change corresponds to the amount of enzyme present in solution.
The test was performed as previously described (Saino et al., 2010) on cells cultured with/without osteogenic factors. Samples were run in triplicate and compared against the calibration curve of p-nitrophenol standards. The enzyme activity was expressed as micromoles of pnitrophenol produced per min per mg of enzyme.
Assay for gene expression
At the end of the culture period, total RNA was extracted from the cultured disks using the Trizolâ reagent, according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). Reverse transcriptase-polymerase chain reaction (RT-PCR) was performed in order to evaluate the gene expression for bone sialoprotein (BSP), decorin (DEC), fibronectin (FN), osteocalcin (OC), osteopontin (OP), type-I collagen (COLI), type-III collagen (COLIII), human transforming growth factor beta (TGFβ), bone sialoprotein (BOSP), bone morphogenetic protein 2 (BMP-2) and the housekeeping gene expression for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The reverse transcriptase reaction was performed with 300 ng total RNA using the iScript ™ cDNA Synthesis kit from BioRad. The primers (Primm s.r.l., Milan, Italy) were designed according to the published gene sequences, and the polymerase chain reactions were performed with the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA) as previously reported (Saino et al., 2010) . The primers used are indicated in Table 2 .
Real-time PCR
Total RNA from the chemically treated samples (treat) and the non chemically treated samples (control) was extracted with Trizol reagent (Invitrogen) and retro-transcribed in c-DNA with the iScriptä cDNA Synthesis Kit (BioRad Laboratories). A quantitative RT-PCR analysis was performed in a 48-well optical reaction plate using a MiniOpticon Real Time PCR System (BioRad Laboratories) as previously described (Saino et al., 2010 
Statistics
Seventy five disks were used in each repeated experiment (25 silica disks, 25 58S disks and 25 58S-Zn0.4 disks). Each experiment was repeated three times. Results are expressed as the mean ± standard deviation. In order to compare the results between the two types of disks, the one-way analysis of variance (ANOVA) with post hoc Bonferroni test was applied, with a significance level of 0.05. Fig. 1 shows the weight percentages of the HCA crystalline phase, as determined by Rietveld refinement of the X-ray diffractograms, vs. the immersion time in SBF. For a detailed discussion on the limitations of the Rietveld analysis and related errors see Bini et al. (2009) . Pure silica displayed no HCA formation following treatment with SBF. The presence of zinc clearly increased the HCA formation rate. In fact, the sample with 5 %wt zinc showed more than 90% HCA crystalline phase already after one day of immersion in SBF. Fig. 2 illustrates the cytocompatibility results obtained with the LDH assay. After 48 hours incubation, pure silica and the 58S sample (reference material) showed an increase in cell population numbers. Worse results were obtained with the samples containing 2 and 5 %wt ZnO. The sample with only 0.4 %wt ZnO showed a cytocompatibility level nearly equal to that of pure silica and 58S. For this reason, this composition was chosen, together with pure silica and 58S, to perform all the other analyses on osteoblast proliferation, and mineralized extracellular matrix deposition.
Results
HCA formation
Cytotoxicity assay
Surface morphology and roughness of the bioglass disks
The R a , R q and R z roughness parameter values are shown in Table 3 . Differences were observed between the samples analyzed, the 58S-Zn0.4 sample exhibited the highest roughness value followed by silica and 58S. SEM images of the surface topographies confirmed the roughness parameter results (Fig 3, panels A, C and Table 2 . Primers used for RT-PCR. 
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. At higher magnification, the surface of all sample types appeared non homogeneous and somewhat rough (Fig 3, panels B, D and F): in particular the surface of 58S-Zn0.4 was characterized by some cracks (panel F).
Cell morphology and viability SAOS-2 cell morphology cultured on the silica, 58S and 58S-Zn0.4 disks was visualized by SEM (Fig. 4) . Figure 4 is a representative image of 24 days in cell culture showing adherence of cells to the surface of all types of bioglass. In particular, the cells more homogeneously covered the surface of the 58S-Zn0.4 sample than that of the silica and 58S disks (Fig. 4 , panels A, C and E). However, on the Table 3 . Surface roughness parameters for the different surfaces. R a is the arithmetic average of the absolute height values of the profile; R q is the root mean square of the values of the profile; R z is the maximum peak-tovalley height of the entire measurement area.
Fig. 4. Representative SEM images of the cell cultured silica disks (panel A), 58S disks (panel C)
and bioglass disks containing 0.4%wt ZnO (panel D) at 250x magnification, respectively. On the silica and 58S disks, the osteoblasts were well dispersed (panels B and D, 1500x magnification); on the bioglass disks containing 0.4%wt ZnO, individual osteoblasts were no longer discernable over the surface and above this layer some cells exhibited a round shape (panel F, 1.500x magnification). Scale bars represent 10 μm (A, C, E) and 2 μm (B, D, F), respectively. White arrows are positioned to indicate SAOS-2 cells. Table 4 . Normalized amount of the extracellular matrix constituents secreted and deposited onto the disks (p<0.05 in the comparison "58S-Zn 0,4% vs. 58S" and"58S-Zn 0,4% vs. silica"). In comparison with the silica and 58S disks, the use of zinc promoted a better deposition of bone extracellular proteins onto the entire surface.
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58S-Zn0.4 surface some cell aggregates were observed. At higher magnification, some differences were observed: on the silica and 58S disks (Fig. 4 , panel B and D), cells were flat and compact, whereas on the 58S-Zn0.4 disk, cells were no longer individually discernable and some, above this cell monolayer, exhibited a round shape (Fig.  4, panel F) .
In order to evaluate the cell viability from all samples during the culture period, an MTT test was performed. On days 1, 8, 16 and at the end of the culture period, the average cell viability of all samples was in the 86%-94% range without statistically significant differences (p>0.05) (Data not shown).
Characterization of the calcified extracellular matrix deposition
The measurement of DNA content at 24 days cell culture showed some interesting differences: the cell number from pure silica disks rose to 9.1 × 10 5 ± 12.2 × 10 3 , on the 58S sample it reached 1.02 × 10 6 ± 7.3 × 10 4 whereas on the 58S-Zn0.4 disks it resulted 2.04 × 10 6 ± 10.4 × 10 4 (p<0.05). With respect to pure silica and 58S A samples, a 2-fold increase was observed on 58S-Zn0.4 disks confirming the SEM observation. We did take into consideration that an underestimation of the culture cellularity is possible due to the trapping of DNA within the formed extracellular matrix.
Fig. 7.
Assay for gene transcription of silica, 58S and bioglass disks containing zinc oxide 0.4%. The indicated RT-PCR products were subjected to electrophoresis on 2% agarose gel and visualized by UV exposure. The level of specific bands was normalized for GAPDH cDNA. Similar results were obtained by normalization with respect to β-actin cDNA content (data not shown).
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The total protein concentration was 160.5 ± 5,1 μg/ mL on the silica, 163.7 ± 3,8 μg/mL on the 58S, and 195.0 ± 6,3 μg/mL on the 58S-Zn0.4 bioglass disks.
In order to evaluate the amount of the extracellular matrix constituents produced throughout all sample types, an ELISA assay of the extracted extracellular matrix was performed. At the end of the culture period, in comparison with the silica and 58S disks, the deposition of bone proteins throughout the 58S-Zn0.4 samples was considerably enhanced (p<0.05) ( Table 4 ). The enhancement of protein deposition was evident for alkaline phosphatase (ALP), type I collagen (COLI) and osteopontin (OP): for ALP it was about 2/1.9-fold, for COLI and OP around 2/1.8 and 1.9/1.7 fold-greater when compared to pure silica and 58S disks, respectively (Table  4) . Protein deposition on pure silica and 58S disks was not statistically different (Table 4) . Fig. 5 shows ALP activity determined on the three types of scaffold at the end of the culture period. The level of ALP activity was consistently higher on the 58S-Zn0.4 disks than on the pure silica and 58S disks (p<0.001). ALP activity was not statistically different between pure silica and 58S disks (p>0.05).
The relative amount of calcium matrix calcification on the three types of scaffold was evaluated by the calciumcresolphthalein complexone method (Fig. 6) . Figure 6 shows that the mineralization of the extracellular matrix produced by SAOS-2 cells was considerably greater (almost 2-fold greater) on 58S-Zn0.4 than on silica and 58S disks (p<0.05). Calcium matrix deposition was not statistically different between pure silica and 58S disks (p>0.05).
In order to evaluate the impact of sample surfaces on ectopic extracellular matrix deposition and mineralization, the previously indicated analyses were performed with the culture medium without osteogenic factors. Unexpectedly, we did not observe significant differences in ECM deposition and mineralization on any type of disk in the absence of osteogenic factors. On the contrary, using the 58S sample as an internal control, the difference in ALP activity (Fig. 5) and calcium deposition was significant only on the 58S-Zn0.4 disk (Fig. 6) .
Characterization of bone gene expression
In order to characterize bone specific gene expression, an RT-PCR analysis was performed at 24 days culture with/ without osteogenic factors. The qualitative RT-PCR, performed on cells grown on 58S-Zn0.4 disks with osteogenic factors, revealed a more intense band on agarose gel for all the investigated genes and particularly for the transcripts specific for type-I collagen, bone sialoprotein and osteopontin (Fig. 7) . No marked differences were observed in the absence of osteogenic factors (data not shown).
To further expand these data, an qRT-PCR for the gene expression profile of bone-specific proteins was performed at 24 days using the ΔΔCt method. The results showed a significant enhanced fold difference for osteopontin, collagen and bone sialoprotein (p<0.001) (Fig. 8) . No evident differences were detected for the other proteins (p>0.05) (data not shown). Furthermore, we did not observe significant differences in bone gene expression on the sample disks cultivated in the absence of osteogenic factors (Fig. 8) .
Discussion
It has been reported in the literature that the addition of zinc to silica-based bioglass leads to an increase in bioactivity (HCA formation) but, at the same time, may determine an increase in cytotoxicity (Aina et al., 2007; Balamurugan et al., 2007) . In a previous study we reported preliminary evidence that a good balance between activity and toxicity, at least in vitro, can be obtained by means of carefully controlling the zinc content (Bini et al., 2009) . In detail, the presence of zinc clearly increased the HCA formation rate upon immersion in SBF; this increase was proportional to the zinc content (see Fig. 1 , redrawn from Bini et al. (2009) . As expected, silica did not show any bioactivity.
Concerning toxicity characterization, the SAOS-2 cell line was selected because it exhibits several fundamental osteoblast characteristics (Anderson et al., 1998) and represents a widely used and well-accepted model for in Bone calcified matrix onto zinc-containing bioactive glasses vitro osteoblast study. These osteoblasts can virtually grow indefinitely and uniquely exhibit osteoinductive activity, whereas other human osteosarcoma cells, such as U-2OS, do not replicate this bone-inducing ability (Anderson et al., 2002; Anderson et al., 1992; Anderson et al., 1995) . The SAOS-2 cell line is useful to screen materials, but primary cells (osteoblasts, MSCs) are more relevant and should be used to assess in vitro the ability of a material surface to increase/improve biological mineralization. In the experimental conditions used for the cytotoxicity tests, we incubated human SAOS-2 osteoblasts with 58S, silica and three 58S-based bioglasses differing in their zinc content (0.4, 2 and 5 %wt). We observed that the presence of this metal increases, in a dose-dependent manner, the release of LDH in the extracellular medium (an index of cytotoxicity). These results are in agreement with the findings of Aina et al. (2007) . The best results in terms of the LDH test were obtained with the 58S-Zn0.4 bioglass, which yielded results very similar to those of pure silica (positive control, see Fig. 2 ). Accordingly, we focused our in vitro study on 58S-Zn0.4 bioglass, by performing a careful comparison with pure silica and 58S. SEM examination of silica, 58S and 58S-Zn0.4 samples, incubated with SAOS-2 cells, showed a layer of cells and matrix on each disk. However, the appearance of the cell layer differed between each type of sample: the 58S-Zn0.4 disks showed a more uniform distribution and much higher number of cells and matrix on the surface analyzed. Confirming the SEM observation, cell proliferation on the 58S-Zn0.4 disks was 2-fold greater in comparison with the pure silica and 58S disks. This data indirectly points to the importance of the presence of zinc in DNA replication (Chesters and Petrie, 1999; Tang et al., 2001; Li and Maret, 2009) . Zinc is known to be an integral component of numerous metalloenzymes, structural proteins, and transcription factors and contributes to physiological processes including neurotransmission, hormone secretion, and DNA synthesis and gene expression. On the other hand, we cannot rule out the importance of surface roughness on cell proliferation, differentiation, protein synthesis and local factor production (Grant et al., 2008) : in fact, the 58S-Zn0.4 samples showed the uppermost value of surface roughness when compared with pure silica and 58S disks. Most likely the enhancement in cell proliferation and differentiation may be due to both of these factors: the presence of zinc oxide and the roughness parameters.
A temporal and functional pattern of gene expression characterizes the osteoblast maturation process, which can be divided into proliferation, differentiation, and mineralization stages (Owen et al., 1990) . It has been reported that an increase in bone formation depends on an increase in extracellular matrix synthesis (Manolagas, 2000) . The deposition of type-I collagen was quite similar on pure silica and 58S disks whereas an approximate 2.0 (pure silica)-and 1.8 (58S)-fold increase was observed on 58S-Zn0.4 disks. Bone type-I collagen synthesis is known to be up-regulated at the proliferation stage when the osteoblasts are not confluent, and down-regulated at subsequent stages (Owen et al., 1990; Quarles et al., 1992) .
A slight increment in both type-III collagen and decorin was also shown when compared with silica and 58S samples: both of these proteins are known to be associated with type-I collagen (Azari et al., 2008) . Other fundamental bone matrix constituents such as osteopontin, osteocalcin, osteonectin and fibronectin were also investigated. Silica and 58S samples showed similar results, while the deposition of osteopontin was approximately 1.9 (pure silica)-and 1.7 (58S)-fold greater on the 58S-Zn0.4 disks. Appreciable differences for osteonectin and osteocalcin were not observed. All of these extracellular matrix proteins are organic components of bone, and are implicated in bone formation and remodelling. Osteopontin is known to play an important role in cell attachment (Van Dijk et al., 1993) and calcification of mineralized tissue (Denhardt and Guo, 1993) , whereas osteocalcin (Aubin and Liu, 1996) is the latest secreted extracellular matrix protein identified. Osteonectin is a calcium and collagen binding ECM glycoprotein and also acts as a modulator of cell-matrix interactions (Bornstein and Sage, 2002) . The value of fibronectin, which is reported to promote both cell adhesion and proliferation in many cell types (Grzesik and Robey, 1994; Long and Rack, 1998; Krämer et al., 1999; Wilson et al., 2003) , was not significantly increased. In view of this information, the macroscopic increases in in vitro protein levels of ALP (makes the phosphate available for calcification), osteopontin (anchors the bone cells via their αVβ3 integrin to the mineralized bone surface), and type-I collagen (the major organic component of bone matrix produced by osteoblasts) are quite important (Table 4 ). All together these results suggest that the main effect of 58S-Zn0.4 disks is to keep the osteoblasts in the active phase of proliferation, promoting bone ECM deposition. Furthermore, one may argue that the observed cell proliferation on 58S-Zn0.4 disks is simply due to differences in initial cell attachment levels vs. any real effect of the substrates: on day 1, comparable values of cell attachment on all sample types were observed (data not shown), suggesting that subsequent variation in cell proliferation may be due to the composition of the sample and not to differences in cell attachment.
Interestingly, the qRT-PCR analysis showed an increase in type-I collagen, bone sialoprotein, and osteopontin gene expression levels from the 58S-Zn0.4 samples. As type-I collagen and osteopontin are critical in mediating the signal cascade for the full expression of the mature osteoblast phenotype and the mineralization of the extracellular matrix (Lynch et al., 1995; Kobayashi et al., 1998; Kojima et al., 2004) , the higher COL I and OP gene expression in SAOS-2 cells could be related to the cell's ability to better differentiate toward mature osteoblasts and to deposit mineralized bone matrix onto 58S-Zn0.4 bioglass. This concept is also true for BSP, which is a significant component of the bone extracellular matrix and has been suggested to constitute approximately 8% of all noncollagenous proteins found in bone and cementum (Fisher, 1990) . In summary, the increased transcription of these genes could indicate the early phase of cell differentiation. The increase in the transcript levels of COLI, OP and BSP genes was supported by the mineralization data.
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Quantitative analysis of the calcium mineral content showed that SAOS-2 cells were able to deposit a significantly higher amount of newly mineralized matrix onto 58S-Zn0.4 disks than onto pure silica and 58S disks: approximately a 2-fold difference in matrix calcification was detected. In addition the 58S-Zn0.4 disks showed a faster and higher HCA formation than 58S samples indicating that at an earlier stage Ca deposition is due to physical-chemical characteristics of zinc-containing disks as indicated by the bioactivity test (Fig. 1) . Then, Ca deposition becomes a biologically mediated mineralization process. Unfortunately, due to the intrinsic fluorescence of both silica and bioglass disks, it was not possible to perform confocal microscopic analysis to localize the calcification and bone matrix proteins in the cell-rich areas. In this study, the increase in calcium deposition was consistent with the rise in alkaline phosphatase expression. The protein content was almost 2/1.9-fold greater for the 58S-Zn0.4 than for silica and 58S samples. An increase of almost 2-fold in ALP activity was also shown on the 58S-Zn0.4 disks with respect to both pure silica and 58S. ALP is known as an important component in hard tissue formation, highly expressed in mineralized tissue cells. Osteoblast cells grown with ascorbic acid sequentially express osteoblastic marker proteins such as alkaline phosphatase and then form a mineralized extracellular matrix (ECM) as a consequence of osteoblastic differentiation. The importance of ALP in the mineralization of ECM has been previously reported (Torii et al., 1996) . Its mechanism of action is not completely known but it appears both to promote the local concentration of inorganic phosphate, a mineralization promoter, and to decrease the concentration of extracellular pyrophosphate, an inhibitor of mineral formation (Torii et al., 1996) . Previous authors have reported that alkaline phosphatase is expressed in large amounts in osteoblasts in vivo (Zernick et al., 1990) , but it has also been found in differentiation studies with osteoblast-like cell lines in vitro (Gerstenfeld et al., 1987) . The elevated expression of ALP (which occurs at the end of the cell proliferative state) osteopontin and bone sialoprotein may suggest that the osteoblasts on the 58S-Zn0.4 disks are more differentiated than those on the pure silica and 58S disks and have already started to promote bone ECM deposition. In summary, addition of zinc oxide is beneficial for bone matrix deposition and expression on bioactive glass disks. Furthermore, the antimicrobial activity associated with zinc oxide could be considered an added value to clinically implanted biomaterials (Aydin Sevinç and Hanley, 2010) .
Conclusions
This study confirms that the presence of a high level of zinc is cytotoxic to osteoblast survival, whereas a 0.4%wt zinc oxide in 58S samples improves the environment and favours osteoblast proliferation and function. Moreover, the 58S-Zn0.4 samples showed the highest value for surface roughness when compared with pure silica and 58S disks. Consequently, the enhanced deposition and mineralization of the extracellular matrix by osteoblasts on the 58S-Zn0.4 samples may possibly be due not merely to the presence of zinc but also to the higher surface roughness.
Prospectively, we believe that bioglasses containingzinc could be successfully employed as implants in clinical applications: the incorporation of zinc oxide into bioactive glass would also enhance antimicrobial properties of the original material.
Further in vivo studies on the potential clinical applications of Zn-containing 58S bioglass need to be performed.
